The maintenance and organization of the chromosome plays an important role in the 27 development and survival of bacteria. Bacterial chromatin proteins are architectural proteins 28 that bind DNA, modulate its conformation and by doing so affect a variety of cellular 29 processes. No bacterial chromatin proteins of C. difficile have been characterized to date. 30
Introduction 40
Clostridium difficile (also known as Clostridioides difficile) [1] is a gram-positive 41 anaerobic bacterium that can be found in the environment like the soil, water, and even meat 42 products [2, 3] . It is an opportunistic pathogen and the leading cause of antibiotic associated 43 diarrhea in nosocomial infections [4] . Clostridium difficile infection (CDI) can present 44 symptoms that range from mild diarrhea to more severe disease, such as 45 pseudomembranous colitis, and can even result in death [4] . Over the past two decades the 46 incidence of CDI worldwide, in a healthcare setting as well as in the community has 47 increased [4-6]. C. difficile is resistant to a broad range of antibiotics and recent studies have 48 reported cases of decreased susceptibility of C. difficile to some of the available 49 antimicrobial therapies [7, 8] . Consequently, the interest in the physiology of the bacterium 50 has increased in order to explore new potential targets for intervention. 51
The maintenance and organization of the chromosome plays an important role in the 52 development and survival of bacteria. Several proteins involved in the maintenance and 53 organization of the chromosome have been explored as potential drug targets [9] [10] [11] . The 54 bacterial nucleoid is a highly dynamic structure organized by factors such as the DNA 55 supercoiling induced by the action of topoisomerases [12] , macromolecular crowding [13, 14] 56 and interactions with nucleoid-associated proteins (NAPs) [15, 16] . Bacterial NAPs have 57 been implicated in efficiently compacting the nucleoid while supporting the regulation of 58 specific genes for the proliferation and maintenance of the cell [16] . 59
NAPs are present across all bacteria and several major families have been identified 60 Alignment of HupA amino acid sequence with selected homologs from other 123 organisms shows a sequence identity varying between 58% to 38% (Fig. 1a ). HupA displays 124 the highest sequence identity with Staphylococcus aureus HU (58%). When compared to the 125 E. coli HU proteins, HupA has a higher sequence identity with βHU (47%) than with αHU 126 (43%). 127
The overall structure of HU proteins is conserved has previously described by the 128 analysis of several nucleoid-associated proteins [19, 51] . To confirm the structural similarity 129 of the C. difficile HupA protein to other HU proteins, we performed a PHYRE2 structure 130 prediction [52] . All top-scoring models are based on structures from the HU family. The 131 model with the highest confidence (99.9) and largest % identity (60%) is based on a 132 structure of the S. aureus HU protein (PDB: 4QJU). Next, we generated a structural model of 133
HupA using SWISS-MODEL [53] and S. aureus HU protein (Uniprot ID: Q99U17)[54] as a 134 template. As expected, the predicted structure (Fig. 1b ) is a homodimer, in which each 135 monomer contains two domains as is common for HU proteins [51, 54] . The α-helical 136 dimerization domain contains a helix-turn-helix (HTH) and the DNA-binding domain consists 137 of a protruding arm composed of 3 β-sheets ( Fig. 1b ). In the dimer the two β-arms form a 138 conserved pocket that can extensively interact with the DNA [54] (Fig 1a) . 139
Crystal structures of HU-DNA complexes have shed light on the mode of interaction 140 of HU proteins with DNA and an overall mechanism for DNA binding has been proposed [35, 141 54-56] . In the co-crystal structure of S. aureus HU the arms embrace the minor groove of the 142 dsDNA [54] . Proline residues at the terminus of the arms cause distortion of the DNA helix, 143 by creating or stabilizing kinks [35, 54] . Further electrostatic interactions between the sides 144 of HU dimers and the phosphate backbone facilitate DNA bending [57] . In Borrelia 145 burgdorferi direct interactions between the DNA backbone and the helices of the Hbb protein 146 dimerization domain were observed [56] . The overall similarity of C. difficile HupA to other 147 HU family proteins (Fig. 1a ) and a similar predicted electrostatic surface potential ( Fig. 1c ) 148 suggest a conserved mechanism on HupA DNA binding in C. difficile. 149 7 151 152
Mutating arginine residues in the beta-arm of HupA eliminates DNA binding 153
Based on the alignment and structural model of HupA (Fig.1) we predict that several 154 aminoacid residues in C. difficile HupA could be involved in the interaction with DNA. 155
Specifically, the positively charged arginine residues R55, R58 and R61 on the β-arms of 156 HupA ( Fig. 1a and b) were of interest. In B. stearothermophilus arginine 55 of BstHU 157 (residue reference to C. difficile) is essential for the interaction with DNA, while residues R58 158 and R61 have a minor effect [58] . In contrast, R58 and R61 play an important role in DNA 159 binding of E. coli βHU [59] . In S. aureus substitutions of the residue R58 reduced the affinity 160 of HU for DNA while R55 and R61 were crucial for proper DNA binding [54] . 161
As it has been shown that disruption of a single residue may not be sufficient to 162 abolish DNA binding [32, 58, 59] , we substituted the residues R55, R58 and R61 ( Fig. 1b , 163 blue sticks) in C. difficile HupA based on the published mutations in HU from other 164 organisms [54, 58, 59]. Residue R55 was changed to glutamine (Q), a neutral residue with 165 long side chain. R58 and R61 were replaced by glutamic acid (E) and aspartic acid (D), 166 respectively, both negatively charged residues. The resulting protein is referred to as 167
HupA QED . Evaluation of the effect of these mutations on the electrostatic surface potential of 168 the structural model of HupA reveals that compared to the wild type protein ( Fig. 1c) , 169
HupA QED exhibits a reduced positively charged surface of the DNA binding pocket ( Fig. S1) , 170
which is expected to prevent the interaction with DNA. 171
To test the DNA binding of HupA and HupA QED we performed gel mobility shift 172 assays. C. difficile HupA and HupA QED were heterologous produced and purified as 6x 173 histidine-tagged fusion proteins (HupA6xHis and HupA QED 6xHis; see Materials and Methods). 174
We incubated increasing concentrations of protein with different [ɣ-32 P]-labelled 38 bp double 175 stranded DNA (dsDNA) fragments with different G+C content. When HupA6xHis was 176 incubated with the DNA fragment a shift in mobility is evident, dependent on the protein 177 concentration ( Fig. 2a ). At 2 µM of protein approximately 70% of DNA is present as a 178 DNA:protein complex ( Fig. 2b ). This clearly demonstrates that HupA6xHis is capable of 179 interacting with DNA. 180 Some nucleoid-associated proteins demonstrate a clear preference for AT-rich 181 regions [29, 30, 60] . We considered that binding of HupA could show preference for low 182 G+C content DNA, since C. difficile has a low genomic G+C content (29.1% G+C). We 183 tested DNA binding to dsDNA with 71.1%; 52.6% and 28.9% G+C content and observed no 184 notable difference in the affinity (Fig. 2b ). Our analyses does not exclude possible sequence 185 preference or differential affinity for DNA with different structures (e.g. bent, looped, or 186 otherwise deformed) [28, 54] . To investigate possible sequence specificity in more detail, 187 chromatin immune-precipitation experiments (ChIP-chip or ChIP-seq) should be performed 188 on live cells. 189
Having established DNA binding by HupA6xHis, we examined the effect of replacing 190 the arginine residues in the β-arm in the same assay. When HupA QED 6xHis was incubated with 191 all three tested DNA fragments, no shift was observed ( Fig. 2a and b ). This suggests that the 192 introduction of the R55Q, R58E and R61D mutations successfully abolished binding of HupA 193 to short dsDNA probes. We conclude that the arginine residues are crucial for the interaction 194 HupA 6xHis protein exhibited a single clear peak with a partition coefficient (Kav) of 0.19 ( Fig.  203 2c). These values correspond to an estimated molecular weight of a 38 kDa, suggesting a 204 multimeric assembly of HupA6xHis (theoretical molecular weight of monomer is 11 kDa). 205
Similar to HupA6xHis, HupA QED 6xHis exhibits only one peak with a Kav of 0.20 and a calculated 206 molecular weight of 37 kDa ( Fig. 2c ). Thus, mutation of the residues in the DNA-binding 207 pocket of HupA did not interfere with the ability of HupA to form multimers in solution. 208
The calculated molecular weight for both proteins is higher than we would expect for 209 a dimer (22 kDa), by analogy with HU proteins from other organisms. However, we cannot 210 exclude the possibility the conformation of the proteins affects the mobility in the size 211 exclusion experiments. Therefore, to further understand the oligomeric state of HupA, we 212 performed glutaraldehyde crosslinking experiments. HupA monomers cross-linked with 213 glutaraldehyde were analyzed by western-blot analysis using anti-his antibodies. Upon 214 addition of glutaraldehyde (0.0006% and 0.006%) we observed an additional signal around 215 23 kDa ( Fig. 2d ), consistent with a HupA dimer. No higher order oligomers were observed 216 under the conditions tested. A similar picture was obtained for HupA QED 6xHis ( Fig. 2d ). 217
Together, these experiments support the conclusion that HupA of C. difficile is a dimer in 218 solution, similar to other described HU homologs, and that the ability to form dimers is 219 independent of DNA-binding activity. 220 221
HupA self-interacts in vivo 222
Above, we have shown that HupA of C. difficile forms dimers in vitro. We wanted to 223 confirm that the protein also self-interacts in vivo. We developed a split-luciferase system to 224 allow the assessment of protein-protein interactions in C. difficile. Our system is based on 225
NanoBiT (Promega) [61] and our previously published codon-optimized variant of Nanoluc, 226 sLuc opt [62] . The system allows to study protein-protein interactions in vivo in the native host, 227 and thus present an advantage over heterologous systems. The large (LgBit) and small 228 (SmBit) subunits of this system have been optimized for stability and minimal self-229 association by substitution of several amino acid residues [61] . When two proteins are 230 tagged with these subunits and interact, the subunits come close enough to form an active 231 luciferase enzyme that is able to generate a bright luminescent signal once substrate is 232 added. We stepwise adapted our sLuc opt reporter [62] by 1) removing the signal sequence 233 the same operon a similar increase in the luminescence signal is detected (264646 ± 246 122518 LU/OD at T1, Fig. 3 ). This signal is dependent on HupA being fused to both SmBit 247
and LgBiT, as all negative controls demonstrate low levels of luminescence that do not 248 significantly change upon induction ( Fig. 3 ). We conclude that HupA self-interacts in vivo. 249 250
HupA overexpression leads to a condensed nucleoid 251
To determine if inducible expression of HupA leads to the condensation of the 252 chromosome in C. difficile, we introduced a plasmid carrying hupA under the ATc-inducible 253 promoter Ptet into strain 630Δerm [64]. This strain (AP106) also encodes the native hupA and 254 induction of the plasmid-borne copy of the gene is expected to result in overproduction of 255
HupA. AP106 cells were induced in exponential growth phase and imaged 1 hour after 256 induction. In wild type or non-induced AP106 cells nucleoids can be seen, after staining with 257 DAPI stain, with a signal spread throughout most of the cytoplasm (Fig. 4a ). In some cells a 258 defined nucleoid is observed localized near the cell center ( Fig. 4a ). This heterogeneity in 259 nucleoid morphology is likely a reflection of the asynchronous growth. 260
When HupA expression is not induced, the average nucleoid size is 3.10 ± 0.93 µm, 261 similar to wild type C. difficile 630Δerm cells (3.32 ± 1.16 µm). Upon induction of HupA 262 expression a significant decrease in size of the nucleoid is observed ( Fig. 4a HupA-Halotag expression was induced in RD16 cells during exponential growth 288 phase with 200 ng/mL ATc and cells were imaged after 1 hour of induction. In the absence 289 of ATc, no green fluorescent signal is visible, and the nucleoid (stained with DAPI) appears 290 extended ( Fig. 5a ). Upon HupA-HaloTag overexpression, the nucleoids are more defined 291 and appear bilobed ( Fig. 5a and b ), similar to the previous observations ( Fig. 4a ). The 292
Oregon Green co-localizes with the nucleoid, located in the center of the cells, with a bilobed 293 profile that mirrors the profile of the DAPI stain ( Fig. 5a and b ). This co-localization is 294 observed for individual cells at different stages of the cell cycle and is independent of the 295 number of nucleoids present (data not shown). The localization pattern of the C. difficile 296
HupA resembles that of HU proteins described in other organisms [23, 71, 72] (Fig 5a) . We found that HupA QED 6xHis does not bind dsDNA in the electrophoretic mobility shift 307 assay ( Fig. 3b ). We introduced the triple substitution in the HupA-HaloTag expression 308 plasmid to determine its effect on localization of the protein in C. difficile. We found that the 309 HupA QED -HaloTag protein was broadly distributed throughout the cell and no compaction of 310 the nucleoid is observed (Fig. S2) . Moreover, unlike observed for ATc-induced RD16 cells 311 (HupA-Halotag), we did not observe clear compaction of the nucleoid. 312
Together, these results indicate that HupA co-localizes with the nucleoid, and that 313 nucleoid compaction upon HupA overexpression is possibly dependent on its DNA-binding 314 activity. We cannot exclude that the nucleoid compaction observed could be an indirect 315 outcome of HupA overexpression by influencing possible interaction with the RNA and/or 316 other proteins, or by altering transcription/translation [40, 75] . 317
HupA compacts DNA in vitro 319
To substantiate that the decrease in nucleoid size is directly attributable to the action 320 of HupA, we sought to demonstrate a remodeling effect of HupA on DNA in vitro. We 321 performed a ligase-mediated DNA cyclization assay. Previous work has established that 322 dsDNA fragments with a length smaller than 150 bp greatly reduces the possibility of the 323 extremities to meet and therefore less probability to ligate into closed rings [76] . However, in 324 the presence of DNA bending proteins exonuclease III (ExoIII)-resistant (thus closed) rings 325 can be obtained [57, 76] . 326
We tested the ability of HupA6xHis to stimulate cyclization of a [ɣ-32 P]-labeled 123-bp 327 DNA fragment (Fig. 6a ). The addition of T4 DNA-ligase alone results in multiple species, 328 corresponding to ExoIII-sensitive linear multimers (Fig. 6a , lane 2 and 3). In the presence of 329
HupA6xHis, however, an ExoIII-resistant band is visible (Fig. 6a , lanes 4 to 6). In the absence 330 of ExoIII, the linear dimer is still clearly visible in the HupA-containing samples ( Fig. 6a , last 331 lane). We conclude that C. difficile HupA is able to bend the DNA, or otherwise stimulate 332 cyclization by increasing flexibility and reducing the distance between the DNA fragment 333 extremities, allowing the ring closure in the presence of ligase. 334
To more directly demonstrate remodeling of DNA by HupA, we performed tethered 335 protein stiffens DNA, the RMS is expected to be larger than that of bare DNA [78] . 341
We performed TPM experiments according to established methods [78] to determine 342 the effects of HupA on DNA conformation at protein concentrations from 0 -1600 nM ( Fig.  343 6b). For this assay a non-tagged HupA was purified from C. difficile cells overexpressing 344
HupA and compared to HupA 6xHis to assess potential subtle effects of the 6xhistidine-tag on 345 the protein functionality. The experiments show that binding of both native HupA and 346
HupA6xHis to DNA reduces the RMS. The RMS of bare DNA is 148 ± 1.9 nm. In the presence 347 of HupA at different concentrations (100, 200, 400 nM) the RMS decreases (113 ± 0.1 nm; 348 103 ± 0.7 nm and 97 ± 1.5 nm respectively). Even at higher concentrations of HupA (800, 349 1600 nM) the RMS is 97-100 nm (Fig. 6b) influenced by interaction of the DNA with a positively charged lateral surface, although the 362 main interaction region with the DNA is through the β-arms. C. difficile HupA demonstrates 363 an electrostatic surface potential compatible with such a mechanism ( Fig 1C) . It will be of 364 interest to determine if and which residues in this region contribute to the bending of the 365
DNA. 366 367

Conclusions 368
In this work, we present the first characterization of a bacterial chromatin protein in C. 369 difficile. HupA is a member of the HU family of proteins and is capable of binding DNA and 370 does so without an obvious difference in affinity as a result of the G+C content. DNA binding 371 is dependent on the residues R55, R58 and R61 that are located in the predicted β-arm of 372 the protein. These observations in combination with the predicted structure suggest a 373 conserved mode of DNA binding, although the role of other regions of the protein in DNA 374 binding is still poorly understood. HupA is present as a dimer in solution and disruption of the 375 residues of the DNA binding domain did not affect the oligomeric state of HupA. 376
In C. difficile we co-localized HupA with the nucleoid and demonstrated that 377 overexpression of HupA leads to nucleoid compaction. In line with these observations, HupA 378 stimulates the cyclization of a short dsDNA fragment and compacts DNA in vitro. 379
We also developed a new complementation assay for the detection of protein-protein 380 interactions in C. difficile, complementing the available tools for this organism, and confirmed 381 that HupA self-interacts in vivo. Additionally, to our knowledge, our study is the first to 382 describe the use of the fluorescent tag HaloTag for imaging the subcellular localization of 383
In sum, HupA of C. difficile is an essential bacterial chromatin protein required for 385 nucleoid (re)modelling. HupA binding induce bending or increase the flexibility of the DNA, 386 resulting in compaction. Further research is required to explore the roles of HupA in the 387 were grown anaerobically in a Don Whitley VA-1000 workstation or a Baker Ruskinn 420
Concept 1000 workstation with an atmosphere of 10% H2, 10% CO2 and 80% N2. 421
The growth was followed by optical density reading at 600 nm. All the C. difficile 422 strains are described in Table 2 . 423 424
Construction of the E. coli expression vectors 425
All oligonucleotides and plasmids from this study are listed in Tables 1 and 3 . 426
To construct an expression vector for HupA6xHis, the hupA gene (CD3496 from C. 427 difficile 630 GenBank accession no. NC_009089.1) was amplified by PCR from C. difficile 428 630∆erm genomic DNA using primers oAF57 and oAF58 ( To generate the HupA triple mutant (HupA QED 6xHis) site-directed mutagenesis was 432 used according to the QuikChange protocol (Stratagene). Initially the arginine at position 55 433 and at position 58 were simultaneously substituted for glutamine (R55Q) and glutamic acid 434 (R58E) respectively, using primers oAF73/oAF74 (Table 3) , resulting in pAF232 (Table 1) . 435
The arginine at position 61 was subsequently substituted for aspartic acid (R61D) using 436 primer pair oAF75/oAF76 (Table 3 ) and pAF232 as a template, yielding pAF234 (Table 1) . 437
All the constructs were confirmed by Sanger sequencing. 438 439
Construction of the C. difficile expression vectors 440
To overexpress non-tagged HupA the hupA gene was amplified by PCR from C. 441 difficile 630∆erm genomic DNA using primers oWKS-1519 and oAP47 (Table 3) promoter Ptet, yielding vector pAP103 (Table 1) . 444
For microscopy experiments HaloTagged protein (Promega) was used. The halotag 445 gene was amplified from vector pH6HTC (Promega, GenBank Accession no. JN874647) 446 with primers oWKS-1511/oWKS-1512 and inserted into pCR2.1-TOPO according to the 447 instructions of the manufacturer (ThermoFisher), yielding vector pWKS1746 (Table 1) . This 448 primer combination also introduces a 6xHis-tag at the C-terminus of the HaloTag. The hupA 449 gene was amplified with primers oWKS-1519/oWKS-1520 (Table 3) reading frame encoding the HaloTag6xHis protein was amplified from pWKS1746 using 455 primers oRD5/oWKS-1512 (Table 3 ). The hupA gene was amplified from pWKS1744 with 456 primers oWKS-1519/oWKS-1520 (Table 3) . Gene fusions were made by overlapping PCR 457 using the PCR amplified fragments encoding HupA and Halotag proteins as templates with 458 primers oWKS-1519 and oWKS-1512 (Table 3) (Table 1) . 461
To generate the HupA triple mutant fused to the Halotag (HupA QED -Halotag) site-462 directed mutagenesis was used, according to the QuikChange protocol (Stratagene). The 463 arginines at position 55 and at position 58 were substituted to glutamine (R55Q) and 464 glutamic acid (R58E), using primers oAF73/oAF74 (Table 3) and pRD4 as template, 465 resulting in pAF235 ( Table 1) . The arginine at position 61 was subsequently substituted to 466 aspartic acid (R61D), using pAF235 as template and primers oAF75/oAF76 (Table 3) , 467 yielding pAF237 ( Table 1 ). All the constructs were confirmed by Sanger sequencing. 468 469 470
Construction of the bitLuc opt expression vectors 471
The bitLuc opt complementation assay for C. difficile described in this study is based 472 on NanoBiT (Promega) [61] and the codon optimized sequence of sLuc opt [62] . Details of its 473 construction can be found in Supplemental Material. 474 Fractions containing the HupA protein were pooled together and applied to a 1 mL Heparin 517 Column (GE Healthcare) according to manufacturer's instructions. Column washes were 518 performed with a 500 mM -800 mM NaCl gradient in HB buffer. Proteins were eluted in HB 519 buffer supplemented with 1 M NaCl and stored in 10% glycerol at -80°C. 520
521
DNA labelling and electrophoretic mobility shift Assay (EMSA) 522
For the gel shift assays double stranded oligonucleotides with different GC contents 523 were used. Oligonucleotides oAF61/oAF62 have a 71,1% G+C-content, oAF63/oAF64 have 524 a 52,6% G+C-content and oAF65/oAF66 have a 28,9% G+C-content. The oligonucleotides 525
were labelled with [ɣ-32 P]ATP and T4 polynucleotide kinase (PNK) (Invitrogen) according to 526 the PNK-manufacturer's instructions. The fragments were purified with a Biospin P-30 Tris 527 column (BioRad). Oligonucleotides with same G+C content were annealed by incubating 528 them at 95˚C for 10 min, followed by ramping to room temperature. 529
Gel shift assays were performed with increasing concentrations (0,25 -2 µM) of 530 
Ligase-mediated cyclization assay 577
A 119 bp DNA fragment was amplified by PCR amplification with primers 578 oAF81/oAF82, using pRPF185 plasmid as a template. The PCR fragment was digested with 579
EcoRI and 5'end labelled with [ɣ3 2 P] ATP using T4 polynucloetide kinase (Invitrogen) 580
according to the manufacturer's instructions. Free ATP was removed with a Biospin P-30 581
Tris column (BioRad). 582
The labelled DNA fragment (∼ 0.5 nM) waspAF235 incubated with different 583 concentrations of HupA for 30 min on 30°C in 50 mM Tris-HCl, pH 7.8, 10 mM MgCl2, 10 584 mM DTT, and 0.5 mM ATP in a total volume of 10 µl. 1 Unit of T4 ligase was added and 585 incubated for 1 h at 30°C followed by inactivation for 15 minutes at 65°C. When appropriate, 586 samples were treated with 100 U of Exonuclease III (Promega) at 37°C for 30 minutes. 587
Enzyme inactivation was performed by incubating the samples for 15 minutes at 65°C. 588
Before electrophoresis the samples were digested with 2 µg proteinase K and 0.2% SDS at 589 37°C for 30 minutes. Samples were applied to a pre-run 7% polyacrylamide gel in 0.5X TBE 590 buffer with 2% glycerol and run at 100V for 85 min. After electrophoresis the gel was 591 vacuum-dried and analysed by phosphor imaging. Analysis was performed with Quantity-592
One software (BioRad). 593 594
Fluorescence microscopy 595
The sample preparation for fluorescence microscopy was carried out under 596 anaerobic conditions. C. difficile strains were cultured in BHI/YE, and when appropriate 597 
Tethered Particle Motion measurements 627
A dsDNA fragment of 685bp with 32% G+C content (sso685) was used for Tethered 628
Particle Motion experiments. This substrate was generated by PCR using the forward biotin-629 labelled primer Sso10a-2Nde and the reverse digoxygenin (DIG) labelled primer Sso10a-630 2Bam685 from pRD118 as previously described [90] . The PCR product was purified using 631 the GenElute PCR Clean-up kit (Sigma-Aldrich). 632
Tethered Particle Motion (TPM) measurements were done as described previously 633
[77, 78] with minor modifications. In short, anti-digoxygenin (20 µg/mL) was flushed into the 634 flow cell and incubated for 10 minutes to allow the anti-digoxygenin to attach to the glass 635 surface. To block unspecific binding to the glass surface, the flow cell was incubated with 636 BSA and BGB (Blotting grade Blocker) in buffer A (10 mM Tris (pH 7.5), 150 mM NaCl, 1 637 mM EDTA, 1 mM DTT, 3% glycerol, and 100 μg/mL acetylated BSA, 0.4% BGB) for 10 638 minutes. To tether DNA to the surface, DNA (labeled with Biotin and DIG) diluted in buffer B 639 (10 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 3% glycerol, and 100 μg/mL 640 acetylated BSA) was flushed into the flow cell and incubated for 10 minutes. Streptavidin-641 coated polystyrene beads (0,44 μm in diameter) diluted in buffer B were introduced into the 642 sample chamber and incubated for at least 10 minutes to allow binding to the biotin-labelled 643 DNA ends. Before flushing in the protein in buffer C (20 mM HEPES (pH 7.9), 60 mM KCl, 644 and 0.2% (w/v) BGB), the flow cell was washed twice with buffer C to remove free beads. 645
Finally the flow cell was sealed, followed by incubation with protein or experimental buffer for 646 10 minutes. The measurements were started after 6 minutes of further incubation of the flow 647 cell at a constant temperature of 25 °C. More than 300 beads were measured for each 648 individual experiment. All experiments were performed at least in duplicate. 649
The analysis of the TPM data was performed as previously described [78] . Equation Table 3 . Oligonucleotides used in this study. 
D K I A A G A D I S K A A A G R A L D A I I A S V T E S L K E G D D V A L V G F G T F B. subtilis -M N K T E L I N A V A E A S E L S K K D A T K A V D S V F D T I L D A L K N G D K I Q L I G F G N F B. stearothermophilus -M N K T E L I N A V A E T S G L S K K D A T K A V D A V F D S I T E A L R K G D K V Q L I G F G N F B. anthracis -M N K T E L I K N V A Q N A E I S Q K E A T V V V Q T V V E S I T N T L A A G E K V Q L I G F G T F S. aureus -M N K T D L I N A V A E Q A D L T K K E A G S A V D A V F E S I Q N S L A K G E K V Q L I G F G N F S. typhimurium -M N K S Q L I E K I A A G A D I S K A A A G R A L D A I I A S V T E S L K E G D D V A L V G F G T F S. pneumonia M A N K Q D L I A K V A E A T E L T K K D S A A A V E A V F A A V A D Y L A A G E K V Q L I G F G N F S. mutans M A N K Q D L I A K V A E A T E L T K K D S A A A V D A V F S A V S S Y L A K G E K V Q L I G F G N F M. tuberculosis -M N K A E L I D V L T Q K L G S D R R O A T A A V E N V V D T I V R A V H K G D S V T I T G F G V F T. maritima -M T K K E L I D R V A K K A G A K K K D V K L I L D T I L E T I T E A L A K G E K V Q I V G F G S F Anabaena -M N K G E L V D A V A E K A S V T K K Q A D A V L T A A L E T I I E
